Sharp wave-ripples in the hippocampus are believed to play a key role in memory formation: they have been observed in many mammalian species, but until recently their contribution to memory had been studied only in rodents. A new study suggests a similar importance for memory in primates.
Memory arises from a wide variety of physiological processes, ranging from synaptic plasticity [1] to coordinated neuronal activity within and across brain areas [2] . Sharp wave-ripple oscillations in the hippocampus, a brain area believed to be instrumental in memory formation, are the best candidate phenomena described so far that can potentially bridge the gap between these phenomena. Sharp waveripples are short, high-frequency bursts of neuronal activity and are among the most robust and evolutionarily preserved oscillatory events in the mammalian brain [3] . A large body of work, primarily in rodents, has established that sharp wave-ripples are the biomarkers for hippocampal mnemonic processes, but because of the paucity of data from other species it is still unclear whether this link is conserved among mammals. In this issue of Current Biology, Leonard and Hoffman [4] report the first evidence of a connection between sharp wave-ripples and memory in primates.
Sharp wave-ripples have been associated with the brain's 'off-line' state, whereby the sensory inputs coming from the outside world are dampened and the intrinsic neural activity patterns are largely internally generated. These short events occur mainly during non-REM sleep and quiet rest [3] , and these socalled quiescent-sharp wave-ripples have been shown to play a causal role in spatial memory consolidation [5, 6] . High-density recordings from 'place' cells in the rodent hippocampus led to a fascinating discovery -the neural ensembles active during sharp wave-ripple events are the reactivated representations of recent experience [7] . Place cells are hippocampal neurons that fire when an animal occupies a particular position within the environment, typically a laboratory box. If a rat is trained to run on a linear track, the sequence of place cells activated during the runs will be replayed during subsequent sharp wave-ripples, albeit in a time-compressed manner [8] .
Importantly, these sharp wave-rippleassociated place cell sequences seem to be internally generated and independent of ongoing sensory experience. Newly formed memories are initially dependent on the hippocampus but are progressively incorporated into the neocortical networks [9] , and there is a strong association between quiescentsharp wave-ripples and reactivation of recent neocortical memory traces [10] .
Sharp wave-ripples also occur during pauses in ongoing behavior in rodents otherwise engaged in a goal-directed task, and these exploratory-sharp wave-ripples seem to be qualitatively different. The exact cognitive processes associated with these exploratory-sharp wave-ripples have so far been hard to pinpoint, with evidence pointing towards spatial working memory [11] . Importantly, some hippocampal place cell sequences associated with exploratory-sharp waveripples in rats seem to reflect recent and future trajectories [12] [13] [14] .
In order to establish whether sharp wave-ripples have a more ubiquitous role in mnemonic processes, it is imperative to seek the answers in brains of species other than rodents. Spatial location is the most prominent correlate of principal cell activity in the rodent hippocampus. In non-human primates, hippocampal activity is believed to reflect the exploration of visual scenes [15, 16] . Recently, several attempts were made to uncover the cognitive correlates of sharp wave-ripples in non-human primates [17] . Building on their previous study [18] , Leonard and Hoffman [4] recorded sharp wave-ripples in the brains of awake, head-fixed macaques while they played a 'spot the difference' game with pairs of photorealistic scenes. The task was to find an object that changed between the two otherwise identical versions of the image ( Figure 1 ). As the screen switched between the original and the objectaltered scene, a short masking period (empty display) followed each image in order to enforce more extensive search strategies (due to the 'change blindness' effect). This so-called flicker changedetection task places heavy demand on the subject's attention because it cannot be solved by simple movement detection [19] . Critically, some of the image-pairs were re-used on a fraction of trials, which allowed the authors to look at memoryassociated effects in the task. Indeed, the animals found the target faster on repeated trials and there was an overall tendency for them to fixate closer to the target object if the scenes were familiar.
In rodents, exploratory-sharp waveripples are observed almost exclusively at the time when the animal is currently disengaged from active search behavior, even during a goal-directed task. This 'off-line' rule seems not to hold true in macaques -Leonard and Hoffman [4] detected sharp wave-ripples as the subjects were actively exploring the visual scenes in search of the changing object. An important message of the study is that the overall incidence of detected sharp wave-ripples increased nearly three-fold when animals were viewing a familiar set of images, pointing towards a memoryrelated process.
Leonard and Hoffman [4] go on to describe several additional lines of evidence implying a link between sharp wave-ripples and memory-driven active search processes. They focused their analysis on the gaze fixation points during visual exploration and found that the aforementioned memory-associated decrease in gaze distance to the target was only apparent when the fixation was accompanied by a sharp wave-ripple. This relative increase in sharp waveripple-locked gaze proximity did not occur until near the end of the trial, peaking at about seven seconds before the animal detected the object. This implies that sharp wave-ripples are not just passive hallmarks of scene familiarity and are instead related to the cognitive output. It is interesting to note that this proximity-benefit of sharp wave-ripplelocked fixations seems not to occur at the same time as target detection, but rather several seconds before. It is therefore unlikely that the final decision to reach the target is a direct consequence of the sharp wave-ripple.
So what could be the exact role played by sharp wave-ripples in this process? It is possible that, while the animal is actively searching for the target, the hippocampus stores the arrangement of the objects in the pictures. To find the mismatch, the animal needs to compare the currently observed image with the reactivated memory of the previous one. Furthermore, on repeated trials, the animals may already remember either the location of the target or the identity of the object itself. Thus, the near-target features of the scene may act as cues for memory retrieval. The exploratory-sharp wave-ripples are the possible biomarkers for this retrieval process, which would explain the gaze proximity benefit. Interestingly, in humans, the difficulty to spot the mismatch is inversely proportional to how distinctive the objects are [19] , and it is likely that objects that stand out in the scene are preferentially encoded.
Still, the considerable temporal delay between sharp wave-ripples and target detection raises the question of whether exploratory-sharp wave-ripples, in contrast to quiescent-sharp waveripples, are true 'on-line' events directly related to the incoming sensory input and/ or the immediate motor output. An alternative possibility is that due to the high cognitive load of the flicker changedetection task, the mnemonic networks Figure 1 . Sharp wave-ripples tend to occur on repeated trials when the gaze is fixated near the target object.
Macaques were trained to visually search for the object that changed between the two versions of the visual scene (white trace). Hippocampal sharp wave-ripples (red waveform) were detected when animals fixated close to the changing object (red circle) on trials with familiar images. Sharp waveripples may thus be biomarkers of the retrieval process that precedes a mental comparison between the observed and the stored images. (Macaque brain reproduced with permission from [20] .) occasionally go 'off-line' to allow for more vivid memory retrieval.
Determining how the hippocampus, and in particular sharp wave-ripples, contribute to the detection of the target requires future investigations in at least two directions. First, on-line suppression of ripples is expected to impair animal performance specifically on repeated trials. Second, to establish a link between exploratory-sharp wave-ripples and retrieval, it will be necessary to record large neuronal ensembles in the hippocampus during execution of the task. Neuronal activity concomitant with sharp wave-ripples should code for the configuration of the objects in the scene.
The neuronal mechanisms underlying memory formation and retrieval in the brain have only recently started to be unveiled. Many questions remain largely open as to how sharp wave-ripples are generated and transmitted to cortical and sub-cortical structures. Investigation of brain signals at multiple scales, from dendrites to whole brain scans, across animal species, will eventually enable us to draw a global picture of the role of sharp wave-ripples in memory.
